One sentence summary: Saccharomyces cerevisiae excretes AMPs derived from glyceraldehyde 3-phosphate dehydrogenase (GAPDH) that disturb the membrane integrity of sensitive yeast cells and compromise the pH homeostasis by increasing H + -influx and decreasing H + -efflux.
INTRODUCTION
Saccharomyces cerevisiae secretes antimicrobial peptides (AMPs) that induce death of several wine-related non-Saccharomyces yeasts, as a strategy to combat those microbial species during alcoholic fermentations (Albergaria et al. 2010; Branco et al. 2014; Albergaria and Arneborg 2016; Branco et al. 2017a ). The natural biocide (i.e. saccharomycin) is composed by two main anionic (isoelectric point of 4.37) peptides (AMP1 and AMP2/3), derived from the glycolytic enzyme glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Branco et al. 2014) .
AMPs in nature are important defensive weapons that exhibit rapid and efficient toxicity against a wide range of microorganisms (Ganz and Lehrer 1999) . In higher eukaryotes, AMPs are generally located at sites exposed to microbial invasion, such as the epithelia of mammals, amphibians and insects (Harris, Dennison and Phoenix 2009) . Interestingly, we recently found that the GAPDH-derived AMPs secreted by S. cerevisiae accumulate on its cells surface, inducing death of other competitor species by direct cell-to-cell contact (Branco et al. 2017b) . This means that they share a common characteristic with AMPs from higher eukaryotes, i.e. they accumulate in cells tissues that are in direct contact with external environment. The majority of natural AMPs are cationic (Marshall and Arenas 2003) . Nevertheless, a significant number of anionic AMPs have been found that are involved in the innate immune response of eukaryotic cells (Harris, Dennison and Phoenix 2009) .
Most AMPs exert their microbicide effect via the disruption of the cell membrane (Yeaman and Yount 2003; Brogden 2005; Harris, Dennison and Phoenix 2009) . However, membrane damage is only one of many mechanisms that AMPs possess to induce death of microbial cells. Several studies (Brogden 2005; Straus and Hancock 2006) reported that certain AMPs interact with intracellular targets such as DNA, RNA and proteins, inhibiting their synthesis. In addition, AMPs action can be influenced by external factors such as osmolarity, temperature, external pH (e.g. kappacins are strongly membranolytic under acidic pH) (Yeaman and Yount 2003; Dashper et al. 2005) , or the presence of divalent metal cations. For instance, the effect of dermcidin-derived peptide DCD-1L, an anionic AMP from human eccrine sweat, is influenced by Zn 2+ , which stabilises the interaction of oligomeric complexes of those peptides with the lipid bilayers of the target cell membranes (Paulmann et al. 2012) . Even though microbial efflux pumps are energy-dependent transporters that extrude toxic compounds, including antibiotics (Piddock 2006) , a recent study showed that lactoferrin and transferrin from human blood and mucosal surface inhibit the ATPase complex in Pseudomonas aeruginosa and Lactococcus lactis. As a result, the H + -ATPase-mediated flux of protons is compromised leading to deficiencies in intracellular pH homeostasis and consequently resulting in cell death (Andrés and Fierro 2010) . Yeast plasma membrane H + -ATPase is a membrane enzyme that plays an essential role in the physiology of yeast; its physiological function is to pump protons out of the cell. This enzyme hydrolyses much of the ATP generated by cells thus originating an electrochemical gradient of protons . The activity of plasma membrane H + -ATPase can be correlated with the proton efflux and is implicated in the intracellular pH homeostasis (Opekarova and Sigler 1982) . The intracellular pH (pHi) of yeasts can be determined by the fluorescence ratio imaging microscopy (FRIM) method, which is a technique that measures the pHi of cells by using fluorescent pH sensitive probes (Siegumfeldt, Rechinger and Jakobsen 1999; Arneborg, Jespersen and Jakobsen 2000) . This technique, based on the linear response between the ratiometric intensity of fluorescence emitted by the probe and the pHi of cells, gives information at the single-cell level, which allows determining the pHi of different subpopulations of cells simultaneously. In a previous work (Branco et al. 2015) , we showed that the natural GAPDH-derived AMPs secreted by S. cerevisiae (i.e. saccharomycin) kill H. guilliermondii by affecting the pHi and membrane permeability of cells. The aim of the present study was to evaluate if chemically synthesised analogues of saccharomycin (synthetic AMPs) induce similar physiological changes in H. guilliermondii. Additionally, we investigated if the drop of pHi to a deadly value, previously observed in H. guilliermondii cells exposed to saccharomycin (Branco et al. 2015) , is exclusively due to an increase of cell membrane permeability, what in an acidic medium as in grape musts (pH 3.5) would increase the H + -influx, or if saccharomycin also affects the efflux of protons via H + -ATPase. Since H + -ATPase is an energy-dependent transporter, the putative effect of ATP decrease due to glucose uptake disturbance or sugars depletion was also evaluated, in the absence/presence of the AMPs.
MATERIALS AND METHODS

Strains and growth conditions
In this work, we used the following yeast strains: Saccharomyces cerevisiae CCMI 885 (Culture Collection of Industrial Microorganisms, LNEG, Portugal) and Hanseniaspora guilliermondii NCYC 2380 (National Collection of Yeast Cultures, Norwich, UK). Strains were maintained in YEPD-agar slants (20 g/l glucose, 20 g/l peptone, 10 g/l yeast extract and 20 g/l agar, pH 6) and stored at 4
• C.
Inoculums of S. cerevisiae and H. guilliermondii were obtained by transferring one YEPD-agar slant of each strain (pre-grown at 30
• C for 48-72 h) into 100 ml of YEPD medium (10 g/l yeast extract, 20 g/l peptone and 20 g/l glucose) and incubating cultures at 30
• C with 150 rpm of agitation during 16 h.
Purification of saccharomycin by gel filtration chromatography
The naturally secreted GAPDH-derived AMPs (i.e. saccharomycin) were purified from supernatants of a synthetic grape juice (SGJ) fermentation performed with S. cerevisiae CCMI 885, at 25
• C, for 7 days. The SGJ (pH 3.5) contained 220 g/l of sugars (110 g/l of glucose and 110 g/l of fructose) and was prepared as described in Pérez-Nevado et al. (2006) . First, the cellfree fermentation supernatant (filtration by 0.22 μm Millipore membranes) was ultrafiltrated through centrifugal filter units (Vivaspin 15R, Sartorius, Germany) equipped with 10 kDa membranes and concentrated (10-fold) with 2 kDa membranes. Then, 100 μl of this (2-10) kDa peptidic fraction was fractionated by gel filtration chromatography, using a Superdex-Peptide column (10/300 GL, GE Healthcare, UK) coupled to an HPLC system (Merck Hitachi, Darmstadt, Germany) equipped with an UV detector (Merck Hitachi, Darmstadt, Germany), and eluted with ammonium acetate 0.1 M at a flow rate of 0.7 ml/min. The gel-filtration fraction-I indicated in Fig. S1 (see Supporting Information) was collected, lyophilised and stored frozen at −20 • C. The presence of the GAPDH-derived AMPs that compose saccharomycin (i.e. AMP2/3 and AMP1) in the gel-filtration faction-I was confirmed by performing an enzyme-linked immunosorbent assay, using a specific polyclonal antibody as described in Branco et al. (2017b) . In the assays performed with saccharomycin (see Section Effect of the synthetic analogues and of saccharomycin on the proton movements in H. guilliermondii cells), this gelfiltration fraction was used after being resuspended in YEPD with 30 g/l of ethanol (at pH 3.5 and at pH 6.0) to a final total protein concentration of 250 μg/ml, which corresponds to the minimal inhibitory concentration (MIC) determined against H. guilliermondii in Branco et al. (2017a) .
Preparation of synthetic analogues of saccharomycin (AMP2/3 and AMP1)
Synthetic analogues of the AMPs that compose saccharomycin, i.e. AMP2/3 (VSWYDNEYGYSTR) and AMP1 (ISWYDNEYGYSAR), were chemically synthetised according to standard procedures and purchased from GenScript Inc. Company (GenScript HK Limited, Hong Kong). The synthetic peptides (AMP2/3 and AMP1) were obtained in lyophilised form (purity >98%) and stock solutions of each peptide were prepared by dissolving 2 mg of lyophilised powder in 1 ml of deionised water and adjusting the pH to 8.0 with a sodium hydroxide solution until total solubilisation was attained. In previous work (Branco et al. 2017a) , we found that the activity of these synthetic peptides is maximal when the two peptides (i.e. AMP2/3 and AMP1) are mixed at a ratio of 4:1 (AMP2/3:AMP1). Therefore, mixtures of AMP2/3+AMP1 at a ratio of 4:1 in a final concentration of 1000 μg/ml, which corresponds to the MIC against H. guilliermondii determined by Branco et al. (2017a) , were prepared.
Effect of the synthetic AMPs on culturability, intracellular pH and membrane permeability of H. guilliermondii cells
The effect of the synthetic AMPs on culturability, intracellular pH (pHi) and membrane permeability of H. guilliermondii cells was determined during growth assays performed in 25 ml of YEPD medium (with 30 g/l of ethanol, at pH 6.0), without (Control assay) and with the synthetic AMPs (Synthetic AMPs assay) using the mixtures described in Section Preparation of synthetic analogues of saccharomycin (AMP2/3 and AMP1) (i.e. AMP2/3+AMP1 at a ratio of 4:1 at a final concentration of 1000 μg/ml). Both assays (Control and AMPs assays) were inoculated with 10 5 cells/ml of H. guilliermondii and incubated at 30 • C, under strong agitation (150 rpm), for 24 h. Each culture was performed in duplicates and samples were taken at regular intervals (0, 8 h and 24 h) to determine culturability (CFU/ml), pHi and membrane permeability.
Culturability determination
Culturability was determined by the classical plating method. Briefly, 100 μl of culture samples were spread onto YEPD-agar plates, after appropriate dilution, and plates were incubated at 25
• C. The number of colony forming units (CFU) was counted after 2-6 days.
Determination of intracellular pH (pHi) and membrane permeability
The pHi of H. guilliermondii cells was determined by the FRIM technique (Mortensen et al. 2006 ) using the pH sensitive probe 5(6)-carboxy fluorescein diacetate succinimidyl ester (CFDA-SE) and membrane permeability was assessed by staining cells with propidium iodide (PI), as described in Branco et al. (2015) . Briefly, cells were double stained with the pH-sensitive probe CFDA-SE and with the membrane-impermeant dye PI and analysed in a fluorescent microscope (Zeiss Axioscop 50, Germany) equipped with a Zeiss Neofluar 40× objective (numerical aperture 0.75) and a HBO 50 W lamp to provide excitation of the probe used.
To determine pHi, double-stained cells were excited for 3 s at 488 and at 435 nm and emission (above 520 nm) was recorded with a cooled CCD-camera (CoolSnapfx; Photometrics, Birkerød, Denmark). To minimise photo bleaching of CFDA-SE stained cells, a 2.5% neutral-density filter was used in the excitation path. Membrane permeability was determined by exciting the double-stained cells for 3 s at 540 nm and recording emission (above 610 nm) in the same CCD-camera. Afterwards, images were analysed using RS Image software (Roper Scientific, version 1.9.2) and data were treated with the Image J 1.37v software program (http://rsb.info.nih.gov/ij). Both pHi and membrane permeability were determined by analysing 50 cells in each sample from two independent assays. The pHi of single cells was calculated as the ratio of the fluorescence intensity emitted by CFDA-SE stained-cells excited at 488 and at 435 nm (R488/435). To determine the relationship between the fluorescence emitted by cells stained with CFDA-SE, and the respective pHi value a calibration curve was constructed (Fig. 1) , as described in Branco et al. (2015) . Briefly, ethanol-dead cells of H. guilliermondii were resuspended in buffer solutions at different pH values (ranging from 5.5 to 8) and then stained with CFDA-SE. The fluorescence intensity emitted by stained-cells excited at 488 and at 435 nm (R488/435) was analysed and recorded using the same set-up above-described. The background fluorescence intensity was subtracted from the fluorescence intensity of stained cells. To determine the minimum PI fluorescence intensity emitted by dead cells, a cell suspension was incubated with 70% (v/v) of ethanol for 30 min at 25
• C and then cells were stained with 10 μl of PI solution (1 mg/ml). Afterwards cells were analysed by epifluorescence microscopy.
Effect of the synthetic analogues and of saccharomycin on the proton movements in H. guilliermondii cells
Movements of protons (i.e. H + -influx and H + -efflux) in H. guilliermondii were evaluated after cells had been exposed to both saccharomycin and the synthetic analogues. First, H. guilliermondii cells were cultivated in 250 ml of YEPD medium (both at pH 3.5 and pH 6.0) at 30
• C, under strong agitation (150 rpm), until an optical density (OD 640) of approximately 1.0 (ca 16 h) was attained. Then, cells from each culture (i.e. from YEPD at pH 3.5 and YEPD at pH 6.0) were harvested, centrifuged at 12 000×g for 3 min (at 4 • C), and finally resuspended in 3 ml of YEPD (with 30 g/l of ethanol) at pH 3.5 and at pH 6.0, respectively, with 250 μg/ml of saccharomycin (Saccharomycin assay). Hanseniaspora guilliermondii cells cultivated in YEPD at pH 6.0 (at the same conditions) were harvested and resuspended in 3 ml of YEPD with 30 g/l of ethanol at pH 6.0 with the synthetic analogues AMP2/3 + AMP1 (mixed at a 4:1 ratio) in a final concentration of 1000 μg/ml (Synthetic AMPs assay). Control assays were performed with H. guilliermondii cells resuspended in 3 ml of YEPD (with 30 g/l ethanol) at pH 3.5 and at pH 6.0, without neither saccharomycin nor the synthetic analogues. Cells in both assays (i.e. in Saccharomycin-and in Synthetic AMPs assays) were incubated at 30
• C with shaking (150 rpm) for 4
h. The pH of cultures in all assays was measured immediately upon inoculation and after 4 h of incubation, using a standard pH meter (PHM62; Radiometer Copenhagen), showing that the pH of cultures (external pH) didn't change during the 4 h of incubation. All assays were performed in duplicates. H + movements in H. guilliermondii cells were determined as described by Viana et al. (2012) . Briefly, after incubation at the above-described conditions, cells were harvested (12 000×g, 3 min, 4
• C) and washed twice with ice-cold water. Suspensions were kept on ice for at least 1 h before determination of H + movements. H + movements were measured by recording the pH of unbuffered cells suspension in a 2 ml reading-cell with magnetic stirring, using a standard pH meter (PHM62; Radiometer, Copenhagen, Denmark) connected to a potentiometer recorder (BBC-Goerz Metrawatt SE460) (Madeira et al. 2010 were performed in the presence of 2-deoxy-D-glucose (1 mM) (to decrease the level of ATP) and with antimycin (2 mg/ml) to inhibit the respiratory chain (Madeira et al. 2010) . The rate of H + -influx was calculated as the steady rate (for at least 10 min) of decrease in the concentration of extracellular H + , recorded immediately after adjusting pH to 4.0. Calibrations were performed with 10 mM HCl. Dry weight biomass present in 100 μl of the cell suspensions used in each assay was determined after drying at 90
• C, until constant weight, in pre-weighed aluminium foil cups. H + -fluxes were calculated per g of dry weight biomass. All experiments were performed in triplicate. The minimum significant difference was calculated to permit comparison of means as described by Fry (1993) and establish the basis for the rejection of the null hypothesis that means the differences are statistically significant (P ≤ 0.05).
Sugar transport assays
Hanseniaspora guilliermondii cell cultures were grown in YEPD medium in the presence and in the absence of saccharomycin and the synthetic AMPs as described in Section Effect of the synthetic analogues and of saccharomycin on the proton movements in H. guilliermondii cells, and each assay was performed in triplicate. Initial D-[ 14 C] glucose uptake rates were measured as described previously by Leandro et al. (2011) with some minor modifications. Briefly, 250 ml of cell cultures were harvested at OD 640∼1 and then cells were washed twice with ice-cold water and resuspended in 5 ml of water. Afterwards, 20 μl of this cell suspension was mixed with 20 μl of 100 mM Tris/citrate buffer at pH 5 in a 15 ml conical glass tube and incubated at 25
• C for 5 min. To initiate the transport assay 10 ml of D-[ 14 C] glucose solution was added, prepared by mixing labelled and non-labelled sugar in a final glucose concentration of 1 mM (with specific activity 10 107 c.p.m. nmol −1 ) and 25 mM (with specific activity 623 c.p.m. nmol −1 ). To stop the reaction, 5 ml of ice-cold demineralised water was added after 5 s, and the suspension was filtered immediately through a moist Whatman GF/C filter.
5 ml ice-cold demineralised water was added to wash the filter and then transferred to a scintillation vial with 5 ml scintillation fluid (OptiPhase 'HiSafe' 2, Perkin Elmer). Radioactivity was measured in a Tri-Carb 1600 CA liquid scintillation analyser (Packard Instruments). Controls for each sugar concentration were prepared by adding 5 ml ice-cold demineralised water to the cell suspension and Tris/citrate buffer, and after that D-[14C] glucose (reaction time 0 s) was added. Inhibition assays were performed with 20 ml of a glucose solution, prepared in 100 mM Tris/citrate buffer at pH 5. This solution was added to 10 ml of the labelled glucose in the glass tube and the reaction was started by adding 20 μl of the cell suspension. Dry weight biomass of the cell suspensions used was determined as described in Section Effect of the synthetic analogues and of saccharomycin on the proton movements in H. guilliermondii cells.
RESULTS AND DISCUSSION
Effect of synthetic analogues of the GAPDH-derived AMPs on culturability, intracellular pH and membrane permeability of H. guilliermondii cells
We previously showed that saccharomycin (i.e. the naturally secreted GAPDH-derived AMPs) induce a loss of culturability, membrane permeabilisation and loss of pH homeostasis in H. guilliermondii cells (Branco et al. 2015) . Besides, in Branco et al. (2017a) , we showed that synthetic analogues of saccharomycin (i.e. AMP2/3 and AMP1) also induce loss of culturability of H. guilliermondii, although the MIC is significantly higher (1000 μg/ml) than that of the natural biocide (250 μg/ml). The reasons underlying the lower activity of the synthetic AMPs by comparison with the natural AMPs are thought to be due to structure/function effects as previously discussed in Branco et al. (2017a) . In the present work, H. guilliermondii was incubated in YEPD without (Control assay) and with the synthetic AMPs (Synthetic AMPs assays) and the culturability, membrane permeability and intracellular pH (pHi) of cells were assessed during the growth assays. Synthetic AMPs assays were performed in YEPD at pH 6.0, and not at the enological pH conditions (pH 3.5) previously used for saccharomycin assays (Branco et al. 2017a) , since these AMPs are anionic in nature (pI = 4.35), and thus do not dissolve at that acidic pH.
The pHi of H. guilliermondii (both the average pHi and the individual cell pHi) was evaluated by the FRIM method during the control and Synthetic AMPs assays, and the respective profiles are represented in Fig. 2 . During the control assay, the average pHi increased from 6.8 to 7.2 in the first 8 h, maintaining this value throughout the next 16 h (Fig. 2A) . Conversely, the average pHi of H. guilliermondii cells during the Synthetic AMPs assay dropped from an initial value of 6.5 to a final value of 6.0 within the first 8 h, keeping that value for 24 h (Fig. 2B ). These results demonstrate that the synthetic AMPs, in the same way as saccharomycin (Branco et al. 2015) , induce acidification of the pHi of H. guilliermondii (Fig. 2B) , while the pH homeostasis is not negatively affected by the growth of H. guilliermondii itself, since the average pHi slightly increased during the Control assay ( Fig. 2A) .
The cell population of H. guilliermondii was highly heterogeneous as to pHi of individual cells, especially when the cells were exposed to the synthetic AMPs (Fig. 2) . The fact that a stressed cell population is more heterogeneous with regard to pHi than a non-stressed cell population has also been reported in other studies (Siegumfeldt and Arneborg, 2011) . Due to the high heterogeneity of single cells, we grouped H. guilliermondii cells into 
(A) (B)
Figure 3. Sub-populations (%) of H. guilliermondii cells severely injured (black bars, pHi = 5.5-6), sub-lethally injured (dark-grey bars, pHi = 6-7) and healthy (lightgrey bars, pHi = 7-8), during growth assays performed in YEPD at pH 6.0 without (Control-assay) (A) and with the synthetic AMPs (Synthetic-AMPs assay) (B). Each variable represented corresponds to means ± SD (error bars) of duplicate experiments.
three subpopulations according to their pHi, i.e.: severely injured cells for pHi = 5.5-6; sub-lethally injured cells for pHi = 6-7; healthy cells for pHi = 7-8. Results showed that when H. guilliermondii was cultivated in the absence of the synthetic AMPs (Fig. 3A) , the percentage of healthy cells (i.e. cells with pHi values ranging from 7 to 8) was high (ca 81%) throughout the assay. Con- versely, when H. guilliermondii cells were incubated in the presence of the synthetic AMPs (Fig. 3B) , the percentage of severely injured cells (pH = 5.5-6) increased from 9.1% to 48.7%, in the first 8 h. However, after 24 h, the percentage of H. guilliermondii cells exhibiting pHi values ranging from 5.5 to 6.0 decreased to 37.7% (Fig. 3B) .
Culturability and viability (dead/live) of H. guilliermondii cells was also assessed during the Control-and Synthetic AMPs assays. In the Control assay (Fig. 4) , viable cells increased from an initial value of 5 × 10 4 CFU/ml to a final (t = 24 h) value of 3 × 10 8 CFU/ml, while the percentage of dead (PI-stained) cells remained virtually null throughout the assay. Conversely, during the Synthetic AMPs assays (Fig. 4) culturability declined from 7 × 10 4 CFU/ml to 2 × 10 3 CFU/ml within the first 8 h, while the percentage of dead (PI-stained) cells increased from 6% to 35% during the same period. However, after this initial period (0-8 h) cells exposed to the synthetic AMPs were able to recover their culturability (up to 5.7 × 10 4 CFU/ml at 24 h) and viability (3% of dead cells at 24 h) (Fig. 4) . Branco et al. (2015) also reported that H. guilliermondii cells exposed to saccharomycin were able to recover their culturability, but only after they had been transferred into fresh YEPD medium and incubated for 24 h. In the present work, we found that H. guilliermondii cells exposed to the synthetic AMPs initially (in the first 8 h) decreased their culturability/viability (Fig. 4) and pHi dropped (Figs 2B and 3B) but, after 24 h, were able to recover both their culturability/viability as well as the pH homeostasis. These results confirm that the synthetic AMPs do not exert an antimicrobial effect as strong as saccharomycin, as previously reported by Branco et al. (2017a) . In short, our results show that the synthetic AMPs, at the conditions used in the present study (i.e. in YEPD at pH 6.0), induced a transient disturbance in the pH homeostasis of H. guilliermondii, while saccharomycin (in YEPD at pH 3.5) induced a permanent loss of pH homeostasis (Branco et al. 2015) .
Effect of the synthetic analogues and saccharomycin on proton fluxes in H. guilliermondii cells
In harsh environments such as wine fermentations, with low external pH values (3.0-3.5), it is expected that passive H + -influx increases due to the higher pH gradient established between intracellular and extracellular environment. In order to prevent acidification of the cytosol, influx of protons has to be balanced by proton extrusion via the plasma membrane ATPase. Cell membrane permeability to protons determines the rate of protons leakage inward cell, by passive diffusion through the membrane bilayer (Leão and van Uden 1984) . In order to assess the causes underlying the drop of pHi in H. guilliermondii cells exposed to the synthetic AMPs and to saccharomycin, we determined proton fluxes by measuring membrane permeability of cells to H + cations (H + -influx) and their ability to extrude H + protons via plasma membrane ATPase (H + -efflux).
Proton influx H + -influx rates were measured in H. guilliermondii cells incubated in YEPD with the synthetic AMPs (1000 μg/ml) at pH 6.0, and also in YEPD with saccharomycin (250 μg/ml) at pH 6.0 and at pH 3.5. Control assays were performed with H. guilliermondii incubated in YEPD without the AMPs, either at pH 3.5 or at pH 6.0. Results (Fig. 5A) showed that the external pH per si has no effect on the permeability of cells to H + protons, since no statistical differences in H + influx rates were found between assays (i.e. control at pH 3.5 and control at pH 6.0). Conversely, H + -influx increased significantly (66.5%), by comparison with the Control assay, when H. guilliermondii cells were incubated with saccharomycin at pH 3.5 (Fig. 5A) . Also, in cells incubated with both saccharomycin and the synthetic AMPs at pH 6.0, H + -influx rates increased relatively to control (by 57.7% and 69.2%, respectively) (Fig. 5A ). These results demonstrate that both saccharomycin and the synthetic AMPs significantly increase the permeability of H. guilliermondii cells to H + protons.
Proton efflux and glucose uptake
Proton efflux Proton homeostasis is a key mechanism for good yeast performance. Environmental stress factors lead to the dissipation of the H + -gradient across the plasma membrane and to intracellular acidification that also induces the stimulation of plasma membrane H + -ATPase activity (Rosa and Sá-Correia 1992; Monteiro et al. 1994) . Plasma membrane H + -ATPase pumps out H + to maintain pH homeostasis and to generate an electrochemical gradient essential to drive the transport of metabolites into the cell (Opekarova and Sigler 1982) . Thus, proton efflux rates can be correlated with the activity of plasma membrane H + -ATPase (Opekarova and Sigler 1982) , which is an important factor in maintaining viability during a stress challenge.
In the present work, we found that both saccharomycin and the synthetic AMPs disturb the pH homeostasis of H. guilliermondii cells, what can result from destabilisation of plasma membrane H + -ATPase activity, leading to decreased H + -efflux rates. To check this hypothesis, we measured H + -efflux rates in H. guilliermondii cells exposed to both the synthetic AMPs (at pH 6.0) and to saccharomycin (at pH 3.5 and 6.0). The absence of a significant decrease of H + -efflux rates at pH 6 (Fig. 5B ), together with a significant increase of H + -influx rates (Fig. 5A ), points to membrane permeability disturbance as the main mechanism responsible for the drop in the pHi observed at pH 6 (Fig. 2B) . However, at pH 3.5, the net H + -efflux significantly decreased (by 75.6%) in H. guilliermondii cells exposed to saccharomycin (Fig. 5B ). This reduction may result from a decrease in plasma membrane H + -ATPase activity. Since H + -efflux via H + -ATPase is energy dependent, reduced ATP levels due to increased membrane ATP leakage or to a reduced glucose transport would decrease H + -ATPase activity. To discard any effect of the GAPDHderived AMPs on glucose transport, we measured glucose uptake rates in H. guilliermondii cells exposed to both saccharomycin and its synthetic analogues.
Glucose uptake An important factor for cell survival is the existence of a viable energy source, with glucose being preferred over other sugars for most of the yeasts and having a profound effect on many cellular functions. As a response to stressful conditions, cells induce the expression of a plethora of genes that affect glucose metabolism, including glucose transporters (Gasch 2003) . In H. guilliermondii glucose is transported by facilitated diffusion through Hxt-like transporters and the absence of a glucose-H + symport was firstly reported by Loureiro-Dias (1988) . In order to confirm this result, we grew H. guilliermondii cells up to early stationary phase, starved cells for glucose and registered the pH variation upon a pulse of glucose. As expected, no alkalisation was observed in all the assays, although a clear acidification was observed, showing that glucose entered the cells and was metabolised. Plasma-membrane H + -ATPase hydrolyses ATP to transport protons from the cytosol to the extracellular medium. H + -ATPase activity is regulated in response to growth conditions (Eraso and Gancedo 1987; Rosa and Sá-correia 1991) in which glucose has an important role, regulating the expression and catalytic activity of this pump. Glucose metabolism increases ATPase gene (PMA1) expression (Portillo, de Larrinoa and Serrano 1989) . In addition, glucose induces a modification of the enzyme's kinetic properties (Serrano 1983) , resulting in a global stimulation of ATPase activity.
To evaluate the effect of the GAPDH-derived AMPs on glucose transporters, we measured the glucose uptake rate in H. guilliermondii cells exposed to both saccharomycin and the synthetic AMPs. With that purpose, cells were incubated in YEPD at pH 6.0 and 3.5, in the absence/presence of both the natural and the synthetic AMPs, and glucose uptake rates were determined with two concentrations (25 and 1 mM) of radio-labeled D-[
14 C] glucose. To our surprise, glucose transport rate across the plasma membrane of H. guilliermondii cells exposed to both saccharomycin and the synthetic AMPs was stimulated in the presence of the AMPs (Fig. 6 ). These results showed that glucose transport is not negatively affected by AMPs, discarding the hypothesis of lower ATPase activity due to lack of glucose. They rather suggest that the decrease observed in the net H + -efflux might be either due to a direct inhibition of plasma membrane H + -ATPase or to increased leakage of ATP in result of cell membrane disturbance.
In conclusion, our data show that both saccharomycin and its synthetic analogues induce a perturbation in the plasma membrane that increases the proton influx and inhibits the proton efflux, leading to a pHi drop and loss of culturability in H. guilliermondii.
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